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Abstract  
‘Laser Bending’ process is a new non-contact technique used for bending sheet-
metal components. The process provides a greater flexibility in process planning as it can 
be carried out at a single laser workstation in conjunction with other laser processes such 
as welding, cutting, cladding and surface treatment. Laser bending has been studied 
extensively and applied to various metals and non-metals successfully. This research 
focuses particularly on the laser bending of titanium sheets.  
Titanium is used extensively in aerospace and medical industries for its desirable 
properties such as high strength to weight ratio, resistance to corrosion and 
biocompatibility. For many applications, titanium sheet metal needs to be formed or bent 
into different shapes. However, unlike other common high strength materials such as 
steel, bending titanium sheets using conventional processes is difficult because it is stiff 
at room temperature, it has a tendency to gall and when heated it reacts with oxygen, 
nitrogen, hydrogen and carbon present in the surrounding atmosphere. Laser bending has 
potential to be a suitable solution for bending these stiff Titanium sheets. However, 
processing Titanium using laser radiation poses serious issues such as oxide film 
formation and subsequent deleterious changes in material properties. This thesis 
investigates the methods that can minimize the oxidation while causing minimal changes 
in performance of the laser bending process.  
To reduce oxidation, use of inert gas shielding is studied theoretically and a 
refined theoretical model is proposed that predicts the effect of inert gas shielding on 
bending angle. Based on the results obtained from the theoretical analysis, different gas 
flow conditions, nozzle positions and inert gas combinations are studied to enhance the 
quality of the bend and increase the value of bending angle. The theoretical model is then 
validated by comparing estimated values of bending angle with experimental results. 
Comparison of theoretical analysis and experimental results shows that the value of 
bending angle can be increased by providing shielding for both, top and bottom surfaces. 
Experimental analysis also shows that the use of shielding reduces width of the Heat 
Affected Zone (HAZ), amount of oxidation and the surface hardness. As a result, bend 
quality is improved and final bending angle is further increased due to reduction in 
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surface hardness. Additionally, the experimental analysis shows that the cooling effect 
due to shielding reduces the processing time significantly.  
As Grade-2 Titanium is highly reflective, different coatings have been studied and 
used to improve absorption of the laser beam that resulted in further increase in bending 
angle. Thus, the important parameters affecting the laser bending process have been 
studied at stretch in this thesis. The primary aim of this thesis is to identify the process 
parameters that affect the bending angle in the laser bending process. Once the 
parameters are identified, this research will aim at developing theoretical and 
experimental methods to finely control the laser bending process of titanium sheets. It is 
expected that the outcome of this research will be used in the industry to enhance the use 
of lasers in titanium sheet metal fabrication.  
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Chapter 1  
Introduction  
Laser, since its invention in 1960, has swiftly become an essential materials 
processing tool for the manufacturing industry. Due to its versatility, accuracy and 
controllability, the laser has replaced many conventional fabrication tools used in 
processes such as welding [1-2], cutting [3-4] and heat treatment [5]. Along with the 
applications in fabrication, laser also has become well known as a repairing tool due to 
extensive use of the innovative laser cladding and laser sintering processes in repairing 
worn-out and damaged turbine parts [6]. The range of laser applications is further 
widened with the introduction of a new, non-contact sheet metal forming process known 
as the ‘Laser Bending’ or ‘Laser Forming’ process. Laser bending is a complex thermo 
mechanical process wherein the concentrated heating with a laser beam forms non-
uniform temperature distribution across the material. The temperature gradient in the 
workpiece produces differential thermal stresses. When the thermal stresses induced in 
the workpiece exceed the material’s flow stress, the sheet metal bends plastically. Geiger 
and Vollertsen [7] were the first to coin the idea of controlled deformation of a sheet 
metal using a laser beam as a heat source. Laser bending has since been a topic of interest 
for many researchers who applied it to a wide range of materials including metals [8-10], 
non-metals [11] and composites [12].  
Titanium is one of the metals studied for its laser formability. Titanium is the 
most desirable materials for the aerospace, chemical and medical implant fabrication 
industries owing to its properties such as good corrosion resistance, high strength to 
weight ratio and stability of mechanical and chemical properties at high temperatures [13-
14]. For many of the above applications, titanium sheet metal components are fabricated 
using the metal forming techniques. Along with the attractive properties, titanium also 
has some undesirable properties, which makes it difficult to be formed using the 
conventional forming methods. Its difficult to bend titanium using cold forming methods 
without causing spring back due to its low ductility at room temperature [15]. Hence, in 
current technology, titanium is usually heated up to its recrystallisation temperature 
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before deforming it under a brake press to eliminate the spring back effect observed in 
the cold forming methods. This process, popularly known as hot press brake forming, is 
an economical method for bending large components. However, titanium also has a 
tendency to gall when it comes in mechanical contact with itself or the punch material in 
hot press brake forming. Although galling can be reduced by using the precise amount of 
lubrication, it makes the process design complicated. Furthermore, titanium reacts with 
oxygen, nitrogen, hydrogen and carbon present in the surrounding atmosphere when 
heated above 250°C in the hot press brake bending process [16]. For these reasons, the 
bending process needs to be carried out in a controlled environment making the process 
further complex. 
To overcome the limitations of conventional bending methods, use of the laser 
bending process for bending titanium sheet metal is studied in this research. Based on the 
literature review and experimental investigation, potential of the laser bending process is 
evaluated and compared with some of the conventional processes used to bend titanium 
sheet metal in Table 1.1. 
Table 1.1 – Comparison of conventional bending processes and laser bending process  
Forming 
process Materials Advantages Limitations 
Cold bending Applicable to materials having high ductility 
1. Economical  
2. Absence of thermal 
stresses 
1. Spring back is inevitable 
2. Needs precise amount of 
lubrication  
3. Not suitable for stiff 
materials 
Hot press 
brake bending 
 Suitable for materials having 
low ductility 
1. Reduction in spring 
back 
2. Improved mechanical 
properties after 
bending 
1. Maintaining uniform 
workpiece temperature is 
difficult 
2. Great care needs to be 
taken to avoid oxidation 
Superplastic 
bending 
Suitable for materials 
showing superplasticity ∗ 
1. Spring back is absent 
2. Improved mechanical 
properties after 
bending 
1. Only suitable for large 
components  
2. Complex shapes cannot be 
formed 
                                                 
 
 
∗
 Superplasticity is a property of a material to elongate itself beyond 100% of its original length. 
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3. Difficulty in maintaining 
uniform workpiece 
temperature  
4. Great care needs to be 
taken to avoid oxidation 
Conventional 
thermal 
bending with 
gas torch  
Suitable for all sheet metals 
1. Spring back is absent. 
2. Contact free method 
hence complex die 
design is eliminated 
 
1. Low accuracy due to 
manual motion of the 
torch 
2. Sharp corners cannot be 
formed  
3. Inert gas jet shielding is 
necessary to avoid 
oxidation 
4. Operator skills needed 
Laser bending Suitable for all sheet metals 
1. Spring back is absent 
2. Contact free method 
hence absence of dies 
3. Process can be fully 
automated.  
4. Process output can be 
precisely predicted  
1. Process efficiency 
depends radiation 
absorptivity of material 
2. Sheet metals of certain 
thickness can be bent 
3. Great care needs to be 
taken to avoid oxidation 
 
 
Sensing the potential of the laser bending process, several attempts [13-14, 17-18] 
have been made to study the behavior of Titanium alloy sheets subject to laser heating. 
As the thermal conductivity of titanium is low compared to other common high strength 
materials such as stainless steel and low carbon steel, it’s response to the laser treatment 
is sluggish. Furthermore, due to the heating of titanium involved in the laser bending 
process, oxidation of workpieces becomes inevitable. The oxide layer is hard and brittle 
in nature and as reported by Li [19], it promotes crack propagation. At high temperature 
levels, oxidation also causes discoloration of the surface that leads to change in 
absorption of the laser beam into the workpiece, making prediction of the process output 
difficult [17]. Removing the oxide layer using mechanical and chemical milling processes 
in between laser scans is usually a hazardous and uneconomical practice. Additionally, if 
the workpiece is reheated after the removal of the oxide layer for heat treatments, the area 
of concern becomes more vulnerable due to further oxidation as compared to the 
unaffected area [20]. Hence, the common approach is to avoid oxide layer formation 
rather than removing it. To avoid oxide layer formation in laser bending, the process 
could be performed in a vacuum chamber, similar to the approach taken by Bartkowiak et 
 4 
al [17] and El Refaey et al [21] to weld /braze titanium components. A major limitation 
of vacuum chamber processing is its unsuitability for the processing of larger 
components.  
 Another method used to avoid oxidation as reported by Bartkowiak et al [17], is 
inert gas shielding where the surface is protected by a jet of inert gas (commonly Argon 
and/or Helium for Titanium). He showed that the method of shielding titanium 
workpieces with gas nozzles is more effective in avoiding oxidation than processing in a 
controlled environment. However, for the study, only one co-axial nozzle was used to 
shield the top surface with Argon gas. Usually, sheets bent using the laser bending 
process are less than 10 mm thick, hence even with materials having low thermal 
conductivity, the temperature at the bottom surface reaches well above 300ºC. This 
means that the bottom surface also needs to be shielded from the reactive gases. 
However, shielding the top and bottom surfaces from oxidation with inert gas jets might 
affect the laser bending process. There is no available data in literature that estimates 
effect of shielding jets on bending angle, hence, the purpose of this research work is to 
study the effects of shielding top and bottom surfaces on bending angle as well as on 
bend quality.  
Apart from shielding the HAZ, inert gas jet also carries the heat away from the 
impingement region. Due to simultaneous heating and cooling, the temperature gradient 
might be reduced, resulting in a reduction in bending angle. To predict the effect of 
cooling due to inert gas shielding on the bending angle, a theoretical model is developed 
and validated by comparing estimated results with experiments.  
Cooling the sheet metal rapidly during the bending process will also increase 
the surface hardness and reduce the spread of HAZ [17, 22]. Li et al [19] has suggested 
that for maintaining an acceptable level of surface hardness, a maximum level of oxygen 
contamination should be less than 2%. Hence, any excess increase in hardness due to 
oxidation needs to be controlled by using inert gas shielding effectively and with a 
minimal cooling effect. This research offers a novel coherent picture of the key 
influencing factors dominating bend quality of Titanium sheets, which has not been 
presented before.  
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Chapter 2  
Literature Review 
Metalworking is familiar to humankind since prehistoric period. There is no exact 
record about the origins of metalworking. Stone Age man used gold for making jewellery 
by deforming it with basic tools. Metalworking gained pace when usefulness of heating 
metals was discovered and since then metalworking has flourished with its application in 
making coins and weapons. By roughly 1500–1000 BCE, metalworkers were very skilled 
at making adornment, sculptures, artefacts and coins from precious metals, as well as 
weaponry usually of ferrous metals and/or alloys. As time progressed, use of metals 
became more common and essential in daily life. Processes used to make metal objects 
also evolved with the time. Many efforts were put in the research of new metals and the 
metalworker became more knowledgeable with new metals and alloys being continuously 
invented.  Continuous study and improvement in metals and alloying science has helped 
us build systems that are more efficient. Among them pocket sized electronic goods and 
high performance automobiles may be named. Without the metals, the world we know 
today would seize to exist.  
Metalworking is commonly divided into three categories: forming, cutting and 
joining [23]. Each of these categories contains various processes. Research in this thesis 
concentrates on the forming technology of metalworking. Metal Forming is a process in 
which the metal is deformed into a desired shape without removing any material. Desired 
deformation is achieved with either heat, fluid pressure and/or mechanical impact force 
[24]. Casting is one of the forming processes, which is used to make solid metal blocks 
out of the refined molten metal. These blocks (usually called ingots) are either plastically 
deformed into a desired shape under a press or rolled into the metal sheets. The metal 
sheets of different thickness are then re-formed into different shapes to suit different 
applications ranging from fabrication of aeroplane and automobile bodies to extruded soft 
drink cans.  
Components made out of the sheet metal have high elastic modulus and high yield 
strength, which is necessary for making the components lighter and efficient [25]. A 
 6 
number of processes are used to give the desired shape to the sheet metal. These 
processes range from cold deforming of sheets using an impact force to thermal forming 
with a heat source.  Some of these forming methods are discussed in detail below. 
2.1 Forming Methods 
This section discusses some of the conventional and advanced methods used for 
forming common and exotic materials.   
2.1.1 Cold Forming 
Cold forming is a forming method wherein the metal sheet is bent using 
mechanical impact force or fluid pressure. This forming method is called cold forming 
because it is carried out at a temperature below its recrystallization temperature (usually 
at room temperature). One of the cold forming methods used to bend the sheet metal in 
two-dimensions is known as ‘Air Bending’. Air bending, in its simplest form, is a 
technique wherein the sheet metal is deformed in U-shape or V-shape along a straight 
line using a punch and a die as shown in Figure 2.1.  
 
Figure 2.1 - Typical sheet metal bending operation involving a punch and v-die. 
 Die shapes vary according to the application e.g. V-shape, square (90° bend) 
and U-shape. Due to the sharp corners used in the dies, sheet metal does not always come 
in full contact with the die; hence, sharp corners cannot be precisely formed using air 
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bending method. As a result, bends always have some radius, which is referred to as 
‘bend radius’. Bend radius is usually decided at the design stage to accommodate for the 
spring back effect observed in materials having high stiffness.  
 Bending is a simple and quick operation involving straight-line bends; however, 
it cannot be applied to some exotic materials such as Titanium because of, 
a) their low ductility at room temperature 
b) need for precise amount of lubrication 
c) tendency to gall in contact with it self and tooling materials 
d) the spring back effect 
Due to the limitations of cold forming processes, following modified and derived 
processes are used. 
2.1.2 Hot Forming 
Hot forming refers to the group of processes wherein sheet metals are plastically 
deformed at temperatures higher than their recrystallization temperature. To overcome 
limitations of cold forming, materials such as Titanium are usually formed using the hot 
forming technique. Hot brake forming is one of the hot forming processes used to process 
titanium wherein titanium sheets are heated in a furnace up to certain temperature (at 
around 850°C) and later they are formed under a press brake [14].  
One limitation of the hot forming process is the difficulty of controlling the 
temperature of the workpiece. The heated workpiece can rapidly loose heat to punch and 
die materials that are at lower temperatures. This may develop differential temperature 
gradient across workpiece and result in formation of thermal stresses. Furthermore, 
workpieces with variable thickness also can rapidly lose heat at thinner sections causing 
hardening and subsequent cracking. 
Another technique called ‘Superplastic forming’ could also be classified under 
the hot forming technique as it involves heating the workpieces at its recrystallization 
temperature and forming them mechanically. Superplastic forming works on the principle 
of superplasticity, which is defined as ability of a material to elongate beyond 100% of its 
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original length. Titanium shows superelasticity when it is heated above its 
recrystallization temperature (at >850°C) and hence, superplastic forming has become a 
popular forming method for forming titanium components. Figure 2.2 shows a typical 
superplastic forming process being carried out on a titanium component. 
 
Figure 2.2 - Titanium Superplastic Forming Press. Image courtesy of Aeromet 
International[26] 
Titanium at elevated temperatures becomes ideal material for forming, however, 
above 250°C titanium starts to react with surrounding gases such as oxygen, nitrogen, 
hydrogen and carbon. Hence, during superplastic forming of titanium, a great care needs 
to be taken to avoid these reactions. Oxidation is usually avoided by processing the 
workpieces in vacuum or in inert atmosphere.  
2.1.3 Thermal Forming 
In thermal forming, the workpieces are heated along a path with a concentrated 
heat source. This develops steep temperature gradients across the workpiece causing 
formation of differential thermal stresses and ultimately resulting in plastic deformation 
of the workpiece. Thermal forming is a non-contact method of forming i.e. it does not 
utilize any external mechanical force to deform the metals. This technique is being used 
since a long time for shipbuilding, where thick metal plates are heated with a hand held 
gas torch to form them into the desired shape [27]. Along with the shipbuilding industry, 
this technique has also been applied for straightening operation of distorted workpieces 
[28]. 
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Accuracy of bending in thermal forming depends on the type of heat source 
used. To overcome impredictabilities and inaccuracies of gas flame bending, new heat 
sources including plasma arcs [29] and lasers [7, 30] have been studied for bending sheet 
metals. Lasers in particular have high energy densities compared to other sources 
mentioned above, hence, are more accurate in thermal forming. Laser beams are also easy 
to control and can be automated using robotic arms and CNCs. The thermal forming 
process with laser as a heat source is popularly known as ‘Laser Bending’ or ‘Laser 
Forming’ process. Laser bending is discussed at stretch in following sections.  
2.2 The Laser Bending Process 
Laser bending is a new, contact free method of bending sheet metal parts, 
eliminating sensitivity of the bending process towards tool inaccuracies. In laser bending 
process, as shown in Figure 2.3, a laser beam scans the clamped workpiece along a 
certain path, heating the surface rapidly [31]. This creates a steep temperature gradient 
between the irradiated area and surrounding area that not directly heated. Non-uniform 
heating induces thermal stresses within the workpiece. When the thermal stresses exceed 
temperature dependant yield strength of the material, plastic deformation occurs, thus 
bending the material along the heated path. Laser bending is a very accurate process due 
to the use of small beam diameters and high energy densities. Furthermore, it could be 
easily controlled and automated. Absence of the spring back effect makes laser bending 
process more suitable for forming materials such as Titanium, that are usually difficult to 
form using conventional forming methods [32-33]. 
 
Figure 2.3 – Typical laser bending setup  
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Direction and amount of bending can be controlled by altering process 
parameters such as laser input power, scan speed, laser beam diameter and sheet 
thickness. These changes in process parameters can be grouped to define three important 
laser bending mechanisms that are discussed in detail in following sections.  
2.2.1 Laser Bending Mechanisms 
Laser bending can be classified by mechanisms used for achieving deformation. 
These mechanisms are differentiated from each other by parameters used; such as, Laser 
beam diameter, sheet thickness, laser input power and scan speed. These mechanisms are 
classified as [10, 20, 34-37]; 
A. Temperature Gradient Mechanism 
B. Buckling Mechanism 
C. Upsetting Mechanism 
These mechanisms are discussed in detail in following sub-sections. 
 
A. Temperature Gradient Mechanism (TGM) 
In Temperature Gradient Mechanism, laser and material parameters are chosen in 
such a manner that a steep temperature gradient can be formed across the thickness of the 
sheet material [36, 38]. Temperature Gradient Mechanism (TGM) dominates when the 
beam diameter is much smaller than the sheet thickness. The beam travels along a line 
often called as the bending line. As the beam is irradiated on the workpiece surface, the 
surface temperature begins to rise at a very rapid rate. A sharp temperature gradient is 
established across the thickness that produces differential thermal expansion at the top 
surface and compressive stresses at the bottom surface. Expansion of the material at the 
top surface causes the sheet to bend away from the laser beam as seen from Figure 2.4 
(a). After the laser scan is complete, temperature of the top surface begins to drop rapidly. 
The material expanded at the upper surface layer begins to contract and the plate starts 
bending towards the laser beam as shown in Figure 2.4 (b).  
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(a) Heating Phase 
 
 
 
 
 
(b) Cooling Phase 
Figure 2.4 - Temperature Gradient Mechanism 
This mechanism dominates under the conditions corresponding to a small (≤ 1) 
modified Fourier number [15] which is expressed as, 
F = λ·d / (h²·u)                           2.1
 
where, λ is Thermal diffusivity (m2/sec), d is the laser beam diameter at the 
sheet surface (m), h is the sheet thickness (m) and u is scan velocity (m/sec). 
Along with bending in y-axis direction, the material along the x-axis also 
produces thermal expansion during heating bending the workpiece in three dimensions. 
B. Buckling Mechanism (BM) 
Vollertsen [32] describes Buckling Mechanism (BM) as bending/distortion that 
occurs in thin sheets or in a situation where ratio of thermal conductivity to sheet 
thickness is large [see Figure 2.5]. In buckling mechanism, the temperature gradient 
across the thickness is much smaller. This is usually achieved by reducing the scan 
velocity and the sheet thickness. A local elastic buckling and plastic deformation takes 
place when the speed of the laser scan is maintained low in order to provide more energy 
input. The beam diameter is also maintained much higher than the sheet thickness. The 
ratio of the diameter of the heated area to the sheet thickness is in the order of 10 in BM 
Thermal Expansion 
Negative Bending 
Thermal contraction 
Final Angle 
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while for TGM it is in the order of unity [38]. The use of large beam diameter results in 
larger heated area and the small thickness results in small temperature gradient. BM 
dominates for a large value of the Fourier number [32].  
 
Figure 2.5 - The Buckling Mechanism [10] 
The sheet may bend towards or away from the laser beam. According to 
Vollertsen et al [32] direction of bending can be manipulated by following methods; 
1. Elastic prebending by external forces 
2. Plastic prebending  
3. Relaxation of residual stresses 
4. Counter bending due to temperature gradient  
Bending can be achieved at a higher rate (10º / step) using buckling mechanism, 
as compared to TGM (1º- 5º / step).  
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C. Upsetting Mechanism (UM) 
In this mechanism, parameters are chosen in such a way that the heat penetration 
is as homogenous as possible. The process parameters are similar to that of BM except 
the heat zone is much smaller. Due to nearly homogenous heating of the sheet and 
restrictions in thermal expansion from the surrounding material, the sheet is compressed 
with a nearly constant strain across the thickness. This leads to shortening of the material 
across its length and increase in the thickness if the material does not buckle. UM is more 
difficult to achieve as compared to TGM and BM. Figure 2.6 shows the working 
principle of the UM. 
 
 
 
            Figure 2.6 - Upsetting Mechanism  
Slive [39] has used the UM to shape a tube for an arts sculpture. 
2.2.2 Factors Affecting Laser Bending Process 
In order to optimize the results of the laser forming process i.e. the bending angle, 
factors that affect its magnitude must be studied. A significant amount of research has 
been conducted on the factors that affect the bending angle and overall performance of 
the process [7-8, 10, 40-44]. Following are the important process parameters and material 
properties that significantly affect the laser bending process. 
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A. Laser Power 
As shown in Figure 2.7, bending angle increases with an increase in the laser 
input power [44] as the energy density increases, while other parameters remain 
unchanged. Energy density (J/m2) is expressed through equation 2.2 as, 
du
P
E
⋅
=ρ                     2.2 
where, Eρ  is energy density in (J/m2), P is laser power in watts, u is scan speed in 
m/s and d is laser beam diameter in metres.                                                
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Figure 2.7 - Effect of laser power on the bending angle [44]. Process parameters; 
Material: AISI1010, laser input power =200 – 260W, laser beam diameter = 2 – 3 mm, 
scan velocity = 2 – 4 mm/s, pulse duration = 7 – 11 ms 
The trend plotted in Figure 2.7 suggests that, bending angle is proportional to the 
energy density and is subsequently proportional to the laser input power, 
        bα    Eρ                       2.3 
     bα∴     P  
As more power is given, the surface temperature will rise, thus, increasing the 
temperature gradient across the workpiece. Hence, bending angle, as function of 
temperature gradient, will increase with the laser input power.  
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B. Beam Diameter 
Laser beam diameter or spot size is another parameter used to regulate the 
bending angle. According to equation 2.2 and 2.3, beam diameter is inversely 
proportional to the bending angle. This relationship is expressed as, 
              bα     d
1
     
As the laser beam diameter increases, energy density will decrease given that the 
laser input power and scan velocity are unchanged. Decrease in energy density will result 
in decreasing the bending angle. Figure 2.8 shows the relationship between beam 
diameter and bending angle obtained via experiment results [43-44]. 
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Figure 2.8 - Effect of beam diameter on the bending angle [43]. Process parameters; 
Material: AISI1010, laser input power =200 – 260W, scan velocity = 2 – 4 mm/s, pulse 
duration = 7 – 11 ms 
C. Scan Velocity 
According to equations 2.2 and 2.3, bending angle is inversely proportional to the 
scan velocity. The relationship is expressed as,  
         bα     
u
1
     
As scan speed increases, incident heat flux absorbed by the workpiece surface per 
unit time will decrease for constant laser input power and beam diameter. Thus, lowering 
attainable surface temperature and reducing the bending angle. 
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Figure 2.9 - Effect of scan velocity on the bending angle [44]. Process parameters; 
Material: AISI1010, laser input power =200 – 260W, laser beam diameter = 2 – 3 mm, 
scan velocity = 2 – 4 mm/s, pulse duration = 7 – 11 ms 
As seen in Figure 2.9, bending angle decreases linearly with the scan velocity. 
D. Number of Scans 
In laser bending process, the value of bending angle achieved per laser scan (pass) 
ranges from 0.1° to 5° depending on the process parameters. When steeper angles are 
required, the multi-scan system (up to 20-30 scans for 55° angle for low carbon steel) is 
used. Figure 2.10 shows the relationship between the number of scans and the bending 
angle [43].  
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            Figure 2.10 - Relationship between bending angle and number of scans. Process 
parameters: Material = Low carbon steel, laser input power = 170 W, laser beam 
diameter = 1.2 mm, scan velocity = 3 mm/sec, workpiece thickness = 1.2 mm 
According to Figure 2.10, bending angle varies linearly as the workpiece is 
scanned multiple times. Linear variation of bending angle over multiple scans is usually 
observed for the materials whose properties do not vary significantly after laser heating. 
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However, for the materials that are sensitive to the laser radiation, bending angle may 
show non-linear variation. This phenomenon is further discussed in Chapter 5. 
E. Material Properties 
Different materials respond differently to the laser treatment. Yield strength is an 
important property that decides the material’s response to laser bending. Larger bending 
angles could be achieved with materials having low yield strength [45]. Figure 2.11 
illustrates the effect of yield strength on the bending angle. Materials with low yield 
strength will require less heat to deform plastically. Hence, more bending angle is 
achieved for given set of parameters, while Materials with high yield strength need to be 
formed at a higher temperature by increasing the laser input power or decreasing the scan 
velocity. 
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Figure 2.11 - Relationship between material yield strength and bending angle in 
degrees[45]. 
Along with the yield strength, thermal conductivity of the material can have a 
major impact on the performance of the laser bending process [45]. Thermal conductivity 
is an important property of a material, as the temperature gradient plays an important role 
in laser bending process.  
Figure 2.12 illustrates the influence of the material thermal conductivity on 
bending angle. The bending angle is inversely proportional to the thermal conductivity of 
the material.  
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Figure 2.12 - Relationship between thermal conductivity of the material and the bending 
angle in degree [45]. 
As the temperature gradient in a material is a function of its thermal conductivity, 
for materials having high thermal conductivity, heat input by the laser will be rapidly 
dispersed throughout the material, hence, producing smaller temperature gradient. This 
results in reduction of the bending angle.  
Laser bending process for materials having high thermal conductivity can be 
made effective by producing steep temperature gradient. This could be achieved by 
providing forced cooling. 
F. Absorption of the Laser Beam 
Any light, including the laser radiation, striking on the surface of a material is 
either absorbed, reflected, transmitted or re-radiated [46]. ‘Absorption Coefficient’ is a 
measure of the radiant energy absorbed into a material and ‘Absorptivity’ is a material 
property that characterises how easily a material can absorb a radiation. 
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Figure 2.13 – Schematic of  variation of absorptivity with wavelength for metals, alloys 
and organic materials [46]. 
As evident from Figure 2.13, absorption of the laser beam by the workpiece 
surface depends on two important parameters, i.e. wavelength of the laser beam and type 
of the material in use. Metals mostly reflect the laser beams having high wavelength. 
Hence, the Nd: YAG laser (wavelength of 1.06 µm) is more suitable for processing 
metals as compared to the CO2 laser, which has a wavelength of 10.6 µm.  
To minimise reflection of the laser beam, coatings such as graphite are used to 
improve the absorption. A number of researchers have studied the effect of absorptive 
coatings [5, 17, 47-48]. Depending on the base material, efficiency of the process can be 
improved up to 80% with the use of absorptive coatings [49]. However, it is suggested in 
previous research [49] that coatings such as graphite will be damaged after few scans 
because of high temperature and laser beam shock waves. Ablation of coating will result 
in reduction of the bending angle over multiple scans; however, it can be improved again 
by respraying.  
Certain materials and laser combinations will not require coating (such as 
Nd:YAG and Mild steel) for efficient absorption of the beam. On some occasions, 
oxidation blackening may cause the surface to act as a black body. This will result in 
improved absorption of the laser beam and subsequently excessive increase in 
temperature.  
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2.2.3 Mechanical Properties after Laser Bending 
A. Fatigue Life 
Laser forming induces many changes in physical form of the material as it goes 
through high temperature gradients, strain hardening, melting. This affects the 
mechanical properties of the substrate. Little attention is paid to this area. Research done 
by [50-51] suggests fatigue life (number of cycles) of the material improves after laser 
forming process. Fatigue life is seen increasing with increase in laser power while scan 
velocity is kept constant. This is caused due to higher intensity of laser heating which will 
generate a higher amount of temperature gradient and a high compressive residual plastic 
strain.  
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Figure 2.14 - Fatigue life in cycles with different laser processing parameters [51] 
Figure 2.14 shows that the influence of the repeated scans on workpiece’s fatigue 
life is more remarkable than the laser input power. It can be seen that the fatigue life 
almost linearly increases with increase in number of scans.  
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B. Residual Stresses and Residual Strains: 
Laser forming differs from other working processes in that a significantly higher 
heating and cooling rate is involved [50].The residual stresses and residual strains have 
three normal components in three directions: x, y and z. During the laser forming process, 
thermal deformation takes place mainly in the x and y directions. It is found that the 
residual stress and residual strain in the thickness direction (z -direction) is negligible. It 
is assumed that residual stresses and residual strains in the x-direction are not changed, 
while the residual stresses and residual strains in the y-direction are realised and tend to 
zero. 
2.3 Laser Bending of Titanium 
Titanium is known for its high strength to weight ratio. Titanium is as strong as 
steel but is 60% less dense and is 60% heavier than Aluminum but is twice as strong [52]. 
It is also anti-corrosive and remains so, even at high temperatures. For these qualities 
Titanium and its alloys are used extensively in aerospace, automotive, food and chemical 
processing industries [14]. Biocompatibility is another desirable quality of titanium that 
makes it an appropriate choice of material for medical equipments and implants 
manufacturing. For various applications, titanium sheets need forming/bending. Bending 
of titanium is more difficult and complicated as compared to other common high strength 
materials such as steel, aluminum, etc. due to following reasons; 
1. Room temperature ductility of titanium is low [53], because of which it needs to 
be heated prior to the bending process.  
2. Modulus of elasticity for titanium is low as compared to other high strength 
materials. This increases chances of spring back while forming [54].  
3. Titanium has a tendency to gall when interacting with itself or other metal 
surfaces. This demands a precise amount of lubrication during mechanical 
forming.  
For these reasons Titanium is formed using special processes such as hot brake 
forming or super-plastic forming [55]. In hot brake forming the sheet is heated just below 
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its recrystallization temperature (approximately 790°C to 880°C) and then formed 
mechanically under a brake press. 
2.3.1 Behaviour of Titanium Subjected to Laser Radiation 
A. Microstructure Changes in Titanium 
Due to extremely high laser output power density (more than 104 W/cm2) and 
quick heating and self–cooling rate (103 − 106 °C/s) on the material surface, the laser–
material interaction phenomenon is regarded as a very complex thermo–physical process 
[56]. At the end of the scan, as the heat cannot be conducted further, a larger heat affected 
zone is observed [Figure 2.15]. 
 
 
Figure 2.15 - Heat Affected Zone in Laser Bending 
More heat concentration at the end of the sheet results in slightly greater value of 
bending angle. Concentration of heated zone can be characterised by changes in material 
microstructure. 
Titanium and its alloys have been studied by a number of researchers because of 
its vast range of applications and complicated forming methods [14, 18, 20, 40, 57]. 
Magee et al. [20] has tested mechanical properties and microstructure of Ti-6Al-4V 
before [Figure 2.16] and after laser forming [Figure 2.18].  
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Figure 2.16 - Microstructure of as received Ti-6Al-4V [20] 
Dark globular particles of β in a matrix of α can be observed [20]. These changes 
can be retained by annealing. Also no significant dimensional changes are recorded. 
Titanium, at high temperature, becomes very sensitive and reacts to the gases present in 
the surroundings, as a result of its reaction, Oxide film is formed on the surface (called as 
α-case). Factors contributing oxide film formation and methods to prevent it are 
discussed in detail in following sections.  
 
B. Oxide Film Formation 
Titanium when processed at temperatures higher than 200°C starts reacting with 
gases such as oxygen, carbon, hydrogen and nitrogen present in the surrounding and at 
around 550°C to 600°C, α phase starts forming brittle skin of Titanium oxide (usually 
called α-case) on the surface [17, 52]. Waldner et al [58] has summarised previous 
research in oxidation of titanium and has derived an equilibrium diagram shown in Figure 
2.17 for temperature dependant oxidation.  
 24 
 
Figure 2.17 – Titanium-oxygen equilibrium diagram [58]. 
Using the equilibrium diagram, approximate composition of oxide layer can be found out, 
provided percentage of oxygen in air and process temperature is known. Figure 2.18 
shows microscopic image of oxide layer formed (white surface layer) on a Ti-6Al-4V 
sample which was processed in air.  
 
Figure 2.18 - Oxide layer formation on Ti-6Al-4V processed in air. (White film on 
surface) [20] 
Oxide layers formed on titanium surface, reflect light in similar manner to a 
soap bubble. Different thickness of oxide film reflects different colours ranging from 
silver for thin oxide film to blue/purple for excess oxidation.  
This effect has been used in arts community to make jewellery and sculptures 
[Figure 2.19], where different colours and textures are achieved by oxidising titanium 
surface by an electro-chemical etching process called ‘Anodising’. Colours achieved 
through anodising do not fade over time unlike paints with pigments. These colours are 
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chemically deposited hence they adhere/bond well with the surface as compared to 
brushed paints and spray paints. For these advantages, ‘Controlled oxidation’ has gained 
significant amount of popularity amongst metal sculptors and artists.  
Figure 2.19 – Artistic sculpture of titanium sheet metal made using anodizing technique. 
Image courtesy: Titaniumart.com 
Discolouration achieved via thermal oxidation is also popular for its 
controllability over oxide film thickness and range of colour effects achieved. Yokichi 
[59], a titanium artist, uses a hand held gas torch to heat titanium utensils and artworks in 
air, where different colours are achieved by changing heating times.  
In another process called ‘Laser Etching’ that uses laser as a heating source, is 
recently gaining popularity in production of computer programmable and custom-made 
jewellery. Laser etching is also being used in marking and engraving of Titanium parts.  
Apart from its aesthetic features, Oxide layer formation also results in changing 
the surface properties. Dearnley et al [60] reports that controlled formation of Oxide layer 
(oxide layer) can be beneficial in improving surface properties such as corrosion and 
wear resistance of CP titanium [60]. For this very reason, thermal oxidising is used as a 
surface treatment process for CP Grade-2 Ti Dental implants.  
Oxidation at higher temperatures can also be detrimental in nature as oxide film 
becomes brittle and hard in nature. This embrittlement of surface causes reduction in 
ductility and subsequent cracking [19, 61]. Cracking of titanium may decrease its fatigue 
life and in aerospace industry, it can cause catastrophic failures. Hence, oxidation is 
watched closely during high temperature processes such as welding and heat treatment of 
titanium. To monitor oxidation on a titanium substrate, discoloration due to oxidation is 
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used as a visual inspection tool in industry [60]. Typical weld colours are illustrated in 
Figure 2.20. 
 
Figure 2.20 – Typical weld colors corresponding to the weld quality. Silver colored weld 
indicates good quality and bluish white weld indicates unacceptable oxide layer 
formation. Image courtesy: www.weldingtipsandtricks.com 
Thickness of the oxide layer is determined by the colour of the surface and thus 
the amount of contamination is estimated using pre-recorded data [62]. Typical weld 
HAZ colours, corresponding oxygen content, and hardness values are listed in Table 2.1. 
Oxygen content (%) Surface color Hardness (Hv) 
0 Silver 242±11 
0.15 Straw 246±16 
0.5 Dark Straw 247±13 
1.5 Dark Straw/Purple 254±20 
2.0 Dark Straw/Purple/Blue 282±18 
3.0 Purple/Blue 295±16 
5.0 Blue 323±15 
10.0 Blue 373±20 
 
Table 2.1 - Surface color and hardness of titanium substrates made with varied oxygen 
content in argon shielding gas [19]. 
Along with changes in mechanical properties, the optical properties are also 
adversely affected due to oxidation. In laser processing, the oxidation results in 
discolouration of the surface, changing its absorption coefficient. In radiative heating 
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processes, especially in Laser heating, a white powdery layer of TiO2 might reduce 
radiation absorptivity of the material and thus might reduce energy input. On the other 
hand, darkening of surface might improve absorption of laser beam and may cause 
overheating. Due to these irregularities in absorptivity, prediction of process output 
becomes difficult [17].   
2.3.2 Methods to Prevent Oxidation 
As discussed in previous section, oxidation may impart deleterious properties 
into the surface, hence, common practice is to avoid oxidation, minimize it or remove the 
oxide layer by mechanical or chemical milling. Chemically, this layer is removed by 
pickling affected workpieces with 4% HF solution or Kroll’s reagent (HF+HNO3). 
Chemical milling process is not only expensive to maintain but it also produces 
hazardous waste products. Even after successful removal of oxide layer, during post heat 
treatments the area of concern becomes more vulnerable to further oxidation as compared 
to the unaffected area [20]. Hence, due to these complications, avoiding oxidation 
altogether is a more feasible option.  
Oxidation can be avoided by taking preventive measures during processing; 
however, sample preparation before the processing is also an important step to achieve 
oxidation free workpieces. Small amount of contamination from grease, dust, 
fingerprints, etc. can make the surface vulnerable to oxidation. To prevent this, samples 
are cleaned with acids and rinsed with alcohol before processing or storing in inert 
gas/vacuum chambers for later use. 
There are three common practices used in industry to prevent the oxidation of 
workpieces during processing, which are discussed in detail as followed;  
 
A. Vacuum Processing  
In this method, possibility of oxidation is minimised by extracting all the 
contamination from the processing area with the help of a vacuum pump. This method is 
commonly used in refining and alloying Titanium ingots in Vacuum Arc Remelting 
process. Effective sealing of the work area is crucial to avoid contaminants leaking into 
the high temperature zone [63]. 
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B. Inert Gas Chamber Processing 
Inert gas chamber processing is a similar method to vacuum processing as both 
the processes are carried out in an enclosed chamber. Instead of vacuum, the chamber is 
filled/flooded with inert gases such as Argon, Helium or Ar-He mixture [4, 17]. The 
chamber design may vary from rigid quartz glove boxes to inflatable purge chambers as 
shown in Figure 2.21 (a) and (b), depending on application.  
  
         (a)                                                             (b) 
Figure 2.21 – (a) Rigid and (b) inflatable inert gas purge chambers. Image courtesy: (a) 
www.weldlogic.co.uk and (b) www.directindustry.com 
Purge chambers are made from flexible and transparent plastic sheets as 
illustrated in Figure 2.21 (b). To set up a purge chamber for use, all the air that might be 
present is extracted with the help of a vacuum pump and the chamber is then inflated with 
the inert gas. Purge chambers usually find their application in medical implant fabrication 
where size of Titanium components is relatively small. It has hand chambers/gloves to 
give access to the operator and is usually equipped with gas sensors to detect 
contamination of reactive gases (i.e. Oxygen, Nitrogen and Hydrogen).  
Inert gas chamber processing is a very efficient means of avoiding oxidation. 
However, similar to vacuum processing, it needs effective sealing. Furthermore, due to 
practical limitations in gas consumption and contamination detection, only smaller parts 
and short processes can be performed using purge chambers.  
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C. Inert Gas Shielding with Impinging Jets  
In this method of shielding, a single or multiple inert gas jets are impinged on 
the work piece surface in order to protect it from coming in contact with reactive gases. A 
number of researchers [1, 17, 64-66] have studied single jet shields for their performance 
and effect on welding processes. Wang et al [64] in his study of co-axial and side nozzles, 
reports that shield gas helps stabilize the arc in the laser welding process due to its 
cooling effect.  
Shielding performance of a jet is affected by parameters such as jet inclination 
angle, standoff distance between nozzle and workpiece, shape of the nozzle and inert gas 
flow rate. Wang et al [64] investigated effect of nozzle inclination angle (in 10° to 45° 
range) on effective shielding area and concluded that jets with lower inclination angles 
have more effective shielding area than steep angled jets.  
Effect of nozzle-work piece distance on shielding efficiency is another 
important parameter of shielding design because, depending on complexity of 
application, the work piece–shield nozzle distance may need to be varied and it is 
necessary to know how it might affect overall process. This issue was attended by 
Ancona et al [65] and it was found that workpiece-shield nozzle distance has negligible 
influence on the weld performance. However, impinging jets from nozzles also result in 
cooling the surface and the workpiece-nozzle distance significantly affects the cooling 
rate. Gulati et al [67] showed in through experiments that heat transfer due to impinging 
gas will increase as the distance between workpiece and nozzle is reduced [Figure 2.22].  
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Figure 2.22 – Variation in average Nusselt number with respect to nozzle-workpiece 
spacing [67]. 
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All of the above mentioned research in reference [67] was in context with the 
forced convective cooling properties of compressed air and no such attempts have been 
made to understand cooling behaviour of inert gas shields in high temperature 
manufacturing processes. This forms a good basis for current research. Gulati et al [67] 
also studied different shapes of nozzles wiz circular, square and rectangular nozzles, for 
their impact on cooling performance and found out that average Nusselt number, which is 
the measure of convective heat transfer, does not change significantly with change in 
shape. Furthermore, the amount of pressure lost is lowest for circular jet and highest for 
rectangular jet. Effective shield area for rectangular nozzle is larger than circular nozzle. 
This makes the rectangular shaped nozzle an ideal choice for a trailing shield or back-up 
shield nozzle so that larger area can be covered. 
Researchers’ views are divided on the value of the flow rate that should be 
maintained to get efficient shielding. In industry, common practise is to flood the 
oxidation prone area with inert gas and hence flow rates commonly used are in the range 
of 30 to 60 lpm to get maximum shielding from oxidation. However, some researchers 
such as Norrish [68] and Moria et al [69], maintain that turbulence caused by high flow 
rates sucks more contamination in the welding region and have recommend that flow 
rates should be kept around 12-15 lpm to achieve laminar flow of shield gas. As seen in 
Figure 2.23, turbulence created by high flow rate sucks ambient fluid (i.e. air) into the 
heat source-workpiece interaction zone, thus, reducing the shielding efficiency. The jet 
seperates at a distance equal to Rsp, which is radial jet separation radius.  
 
Figure 2.23 – Analysis of high flow rate nozzle [70].  
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 As seen in Figure 2.24, low flow rate (12-20 lpm)nozzles avoid suction of 
contaminants and thus are more efficient for shielding than high flow rate shields as 
compared to common flow rates (in order to 30-50 lpm) 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.24 – Analysis of low flow rate (12-21lpm) shielding nozzle [71]. 
With high working temperatures and high processing speeds in welding, usually 
a single shield is not sufficient and hence workpieces are shielded at more than one 
location. For this purpose, trailing shields or secondary shields are used [72]. For thin 
sheets and plates, bottom surface might also need shielding because of swift heat 
conduction across the material thickness. This is achieved by a backup shield shown in 
Figure 2.25.  
 
Figure 2.25 – Typical secondary shields used to shield cylindrical parts. Image courtesy: 
www.cryofreezesa.co.za 
Flow rates for backup shields are much lower than that for primary and trailing 
shields because of lower temperatures at the bottom surfaces. 
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2.4 Aim 
The aim of this research is to develop a novel method to bend Titanium sheet 
metal parts into desired geometries, without causing any detrimental changes in 
substrate’s mechanical properties.  
The aim can be broken down into following task-oriented objectives:  
• Conduct literature review to understand the current developments. 
• Further, enhance the theoretical analysis of laser bending of sheet metals to 
accommodate process parameters used in processing of Titanium workpieces 
at high temperatures. 
• Develop refined theoretical model to predict effect of a wide range of process 
parameters on bending angle in laser bending process.  
• Build an experimental set-up to conceptualize laser bending process with inert 
gas shielding to avoid oxidation of titanium substrates. 
• Select suitable shielding gas configuration based on theoretical investigation 
and surface appearance of titanium workpieces. 
• Investigate the performance characteristics of laser bending process subjected 
to inert gas shielding. 
• Compare and validate results obtained from experiments with theoretical 
model. 
2.5 Methodology 
To achieve the above stated aims, literature review of past journal papers and 
books on laser processing is conducted. Laser bending is a complex thermo mechanical 
process, hence, its output is very difficult to predict through theoretical analysis without 
making some assumptions. Over the span of last one decade, researchers have attempted 
to develop theoretical models to predict bending angle using different approaches to the 
theory of thermo mechanical distortion. Hence, to understand practical use of these 
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models in a better manner and choose certain theoretical approach that suits best to 
processing conditions used in this research, some basic experiments were performed.   
Upon understanding the theory of the laser bending process, a theoretical model is  
proposed in this thesis that predicts effectiveness of the inert gas shielding process and 
calculates bending angle based on a number of process variables.  
The proposed theoretical is then validated by conducting experiments on a 
specially built Nd:YAG laser materials processing centre at the RMIT Advanced 
Manufacturing Laboratory. The experimental results are compared with the theoretical 
model for evaluating predictability of the model. Based on the comparison of the results, 
conclusions are made and direction of future work is proposed. 
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Chapter 3  
Theoretical Analysis of the Laser Bending 
Process with Inert Gas Shielding 
In this chapter, the derivation of a theoretical model for laser bending by 
previous researchers [73] is presented in detail. In this theoretical model, the effect of 
cooling on laser bending process is not studied. Therefore, by improving the current 
model through inclusion of cooling effect due to inert gas shielding on top and bottom 
sides of the workpiece, a new modified equation for laser bending is derived. The refined 
analysis of the laser bending process shows a more realistic estimate of bend angle in 
comparison to previous models.  
3.1 Theoretical Analysis of Laser Bending of Titanium 
3.1.1 Assumptions Used in the Analysis  
1. Thermal conductivity of titanium is constant. 
2. The sheet metal is initially stress-free. 
3. Laser beam has Gaussian distribution.  
4. No radiation losses occur from the surface. 
5. The distribution of temperature as shown in Figure 3.1 is three-dimensional 
spherical.  
 
Figure 3.1 - Three-dimensional spherical temperature distribution [37].  
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6. CP Gr-2 titanium sheet metal absorbs 20% of the incident laser radiation, i.e. 
absorption coefficient of the Ti workpiece is 0.2 and it does not vary with the 
temperature. 
7. Plate undergoes plastic deformation during heating and elastic deformation during 
cooling.  
8. Top and bottom surface shields are assumed to move with the laser beam.  
3.1.2 Mechanical Model 
In this model derived by Shen et al [74], as shown in Figure 3.2, a sheet metal 
with finite thickness h is considered. Axes x and y are along the surface of the workpiece 
and z-axis is normal to the surface. Laser is scanning over workpiece along x-axis, about 
which the workpiece is bent. Hence, the strain distribution only along the y and z-axes are 
considered.  
 
Figure 3.2 - Orientation of axes in laser bending 
Normal strain in y-axis direction at any coordinate a point with coordinates (y, z) 
can be expressed as the sum of mid surface strain εo and the bending strain zкo, as given 
in the following equation,  
         εy (y,z)= εo (y) + zкo (y)                                             3.1 
 where εy (y,z) is normal strain in y-axis direction at point (y,z). Normal strain at 
any point can also be divided into strain induced due to stress (εσ) and thermal strain (εth) 
as follows, 
              εy (y,z)= εo (y) + zкo (y) = εσ + εth   3.2 
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Figure 3.3 is the graphical representation of strain distribution along the 
thickness in y-z plane. The strain zones in terms of stress-induced strain are shown in 
Figure 3.3.  It consists of a compression zone at the top, a tension zone in the middle and 
a compression zone at the bottom.  
 
Figure 3.3 - Strain distribution across workpiece thickness 
Due to high surface temperatures, the flow stress at the top exceeds the yield 
stress that consequently forms a plastic zone. Hence, top half zone is split into a plastic 
zone defined by [- h/2, - a] where h is the workpiece thickness and the rest of the zone 
remains elastic.  
There are no external forces involved, hence internal forces and moments should 
be in equilibrium. Therefore, it yields, 
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 Where σ(z) is the compressive stress in the top plastic zone, E is Young’s 
modulus, +
oε  and 
+
oκ  are the mid surface strain and curvature generated during heating. It 
is assumed that σ(z) =kσy, where k is the reduction factor and σy  is yield strength of the 
material. This assumption takes into account the effect of temperature on yield strength. 
Intregration of equations 3.3 and 3.4 gives, 
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The mid surface curvature is obtained by solving equations 3.5 and 3.6 as, 
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According to the assumptions made, plate undergoes only elastic deformation 
during cooling. Thus mid-surface curvature during cooling can be obtained from equation 
3.7 by substituting a=h/2, that yields, 
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The mid-surface curvature after completion of cycle can be expressed as, 
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The final bending angle can be calculated along y-axis direction as, 
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 where, R is the radius of laser beam. Distribution of thermal strain along 
thickness (z-axis direction) can be estimated by studying temperature distribution in the 
laser-heated plate. Amongst numerous temperature distribution equations the following 
two different equations are most suitable for the present problem. First equation is 
proposed by Kannatey-Asibu [37] as,  
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 Where T(z) is temperature at a coordinate point z, To is initial temperature, P is 
laser power in watts, A is absorption coefficient, ρ is density of the material (kg/m3), C is 
specific heat capacity (J/kgK), u is laser scan speed in x-axis direction (m/s), h is material 
thickness (m), R is laser beam radius (m), K is thermal couductivity (W/mK), z is the 
distance from surface at which T(z) is being estimated and λ is thermal diffusivity 
(λ=K/ρC)(m2/sec). Considering value of z=0, T(z) in equation 3.11a and 3.11b will give 
estimation of temperature at the top surface.  The temperature value will be the maximum 
at the surface i.e. z=0, as the exponential value will increase and be maximum at z=0.  
By substituting value of z=0 in equation 3.11a, the variation in surface 
temperature is plotted against laser input power in Figure 3.4.   
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Figure 3.4 - Variation in surface temperature T(z)z=0 with respect to laser input power for 
CP Grade-2 Titanium sheet. Process parameters: Absorption coefficient= 0.2, scan 
speed= 3mm/sec, laser beam diameter= 2.25mm, thickness of the sheet=1.2mm, initial 
temperature= 27˚C. 
Using quation 3.11a or 3.11b, Thermal strain thus can be calculated as, 
εth = α∆T     3.12 
 Where α is coefficient of linear expansion and  
∆T =T(z)-To    
Thus we have,  
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 Substituting equation 3.13 in 3.9b for the final curvature, bending angle can be 
calculated for laser bending process. However, for considering cooling effect due to inert 
gas shielding, equation 3.11a and 3.11b for temperature distribution and 3.13 for thermal 
strain will need to be modified. These modifications are discussed in following sections. 
3.1.3 Effect of Inert Gas Shielding Jet Impinging on the Top Surface 
In Shen [74] model, convection and radiation losses are ignored. Hence under 
these assumptions the heat absorbed by the surface is,  
Q = Laser power ×Absorption coefficient of the material 
          AP ⋅=  
        lq=         3.14
        
 Now, for this refined model, considering inert gas shielding and radiation 
losses, heat absorbed by the surface will become, 
                                     
radconvl qqqQ −−=                               3.15a                      
   where,  
     ql = Power absorbed by the surface 
        AP ⋅=  
 convq = heat loss due to convection  
                   )( fw TTAh −⋅=                                    3.15b 
 where, h is convective heat transfer coefficient (W/m2K), A is convective heat 
transfer area (m2), Tw is temperature of heated surface and Tf is the temperature of 
impinging fluid.  
 Radiation heat loss is neglected which is usually 
       
4
wrad TAq ⋅⋅= σ                   3.16 
 where, σ is Stefan-Boltzmann constant. 
Thus equation 3.15a becomes, 
   
convl qqQ −=                                                             3.15c 
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 In this model, a turbulent jet of Argon gas, impinging on the heated surface, 
causes convective heat loss. Heat transfer coefficient for top surface shield, ht, for the 
setup in this research can be estimated as followed, 
       
h
f
t D
kNu
h
⋅
=                 3.17 
 where, Nu is Nusselt number which is a dimensionless number used in the study 
of forced convection which gives a measure of the ratio of the total heat transfer to 
conductive heat transfer, kf is thermal conductivity of the impinging fluid, Dh is the 
hydraulic diameter of the nozzle (m). Value of Dh varies depending on shape of the 
nozzle. Circular, elliptical and rectangular nozzles most commonly used for heating and 
cooling purposes. Gulati et al [39] compared circular, square and rectangular nozzles for 
their heat transfer performance. He found that for Reynold’s number ≤ 5000 and H/D ≤ 6, 
heat transfer characteristics of circular, square and rectangular nozzle are similar. 
However, due to shape of rectangular nozzle, effective shielding area is more wide spread 
as compared to the circular nozzle. Hence, for the shielding purposes, use of rectangular 
nozzles seems appropriate.  
For circular nozzles, the hydraulic diameter (Dh), is equal to diameter of the jet Djet and in 
case of rectangular nozzle of width W and length L as shown in Figure 3.5, used for 
Argon gas shield, hydraulic diameter in [39] is, 
)/(2 LWWLDh +=     3.18 
 
Figure 3.5 - Dimensions of rectangular nozzle 
 Nusselt number in forced convection is a function of Reynolds number and 
Prandtl number, 
Pr)(Re,fNu =                      3.18a 
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Nu usually derived empirically for a variety of nozzle shapes and setup 
configurations. For this model, the schematic of nozzle setup used is shown in Figure 3.6.  
 
 Figure 3.6 - Schematic of nozzle set-up with relevant dimensions 
Due to similar heat transfer characteristics of circular and rectangular nozzles 
for low Reynold’s number and low H/D ratio, empirical relation of Nu derived for 
circular nozzle [22] is used in this study, which is, 
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where, H is nozzle-sheet distance and R is radial distance of point of interest 
from nozzle centre. The above equation is valid for 2000 ≤ Re≤ 4,000,000 and 2 ≤ H/Dh 
≤ 12. 
Thus putting value of Nu from equation 3.19a and 3.19b into equation 3.17, value of ht 
can be calculated.  
 ∴ Total heat flux available at the surface from equation 3.15c, yields to be,  
  convl q - q  Q   =  
 42 
)(h -
22
exp
RK2 )T-(T(z)
  Q   to fw TTAh
z
u
−⋅












+−
⋅⋅
=
λ
pi
   3.20 
 
If value of z is considered zero, the temperature T(z) will be top surface temperature.   
   wz TzT =∴ =0)(  
Thus final heat flux available at the top surface will be, 
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It is noted through calculations that surface temperature varies linearly with 
laser input power as seen in Figure 3.4. Hence, total heat flux available at the surface ‘Q’ 
is also assumed to increase linearly with laser input power. Under this assumption, the 
approximate surface temperature after the cooling effect due to impinging jet is 
calculated and is plotted against the laser input power in Figure 3.7 as, 
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Figure 3.7 - Variation in surface temperature T(z)z=0  with cooling effect due to inert gas 
jet impingement with respect to laser input power for CP Grade-2 Titanium sheet. 
Process parameters: Based on the assumptions made in setion 3.1.1 and substituting the 
value of the absorption coefficient= 0.2, scan speed= 3mm/sec, laser beam diameter= 
2.25mm, thickness of the sheet=1.2mm, initial temperature= 27˚C.  
Typical properties of Argon and Helium used for calculations are listed in 
Appendix B.1 and B.2 
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By comparing Figure 3.4 and Figure 3.7, maximum reduction of 10.5˚C in surface 
temperature is observed for given parameters. This difference is the result of forced 
cooling effect of the top surface shield.  
3.1.4 Effect of Inert Gas Shielding Jet Impinging on Top/Bottom 
Surface 
Similar to top surface, heat transfer at bottom surface can be calculated using 
equations 3.11a to 3.20 for bottom surface by considering value of z=h, i.e. Thickness of 
the plate (h=1.2mm). Thus, temperature distribution can be obtained for different gas 
flow rates. 
Primary purpose of bottom shield is to avoid oxidation on the bottom surface, 
however cooling effect due to bottom shield can be used to enhance temperature gradient 
across thickness.  
Figure 3.8 gives an insight of maximum attainable temperature gradient across 
thickness using top surface shield and top/bottom surface shield. Figure 3.8 shows that, 
cooling of top and bottom surfaces results in increased temperature gradient.  
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Figure 3.8 - Predicted top and bottom surface temperatures with and without cooling.  
This increase in temperature gradient will reflect on thermal strain in equation 
3.13, which is characterized by a change factor Fc. Therefore modified thermal strain 
after cooling will be, 
    thth Fcc εε ⋅=       3.22 
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 where, cthε  is modified thermal strain, Fc is change factor and thε  is thermal 
strain estimated from equation 3.13.  Value of Fc is empirically estimated from modified 
temperature distribution for top surface shielding from equation 3.20 to be, 
Fct= 1.01177 
And for top and bottom surface shielding to be, 
Fct+b= 0.968 
3.1.5 Estimation of Final Bending Angle with Modified Temperature 
Distribution 
As mentioned in section 3.1.2, final bending angle is, 
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 which can be further simplified into 
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 using equation 3.13 and 3.22 we have, 
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where,  
   bVR
h
huC
AP
R
h
RhuC
APC α
ρ
α
ρ
α
⋅=
⋅⋅⋅
⋅⋅
=
⋅⋅⋅⋅
⋅⋅
=
3
3
3 21
 
          and 
K
CuhC
22
ρ
=                   3.27 
where, bVα  is bending angle derived by Vollertsen [26] which is, 
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where, ∆Tm is maximum temperature difference between top and bottom surface 
layers, which can be calculated from modified temperature distribution along the 
thickness. 
Equations 3.24 to 3.26 can be further simplified by considering the fact that 2C >>1 and 
a/h < ½. Therefore, we have approximate solution as, 
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 Substituting equations 3.29 to 3.31 into 3.9b and 3.10 we get, 
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Where, ap = h/2 – a is the characteristic length of plastic zone. Shen et al [26] 
derived value of depth of plastic zone empirically for Ship building steel 1.0584 (D36) 
and St1403, based on previous experimental data. However, dimensions of plastic zone in 
this model are calculated using following equation [30], 
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 where, Tb is boundary temperature for plastic zone which is assumed to be equal 
to Tw  , N is a parameter based on Laser input parameters  
2
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And rn is normalised laser beam radius 
    
t
d
rn
⋅
=
λ4
    3.36 
 where, A is absorption coefficient, P is laser input power, λ is thermal 
diffusivity of heated material, d is laser beam diameter, K is thermal conductivity and t is 
heating time which is,  
t= diameter of laser beam/velocity of scan 
t=d/u   
To summerise what what has been described in this chapter, a mathematical model has 
been developed for estimating theoretical value of the bending angle when the sheet is 
shielded at (a) the top surface and (b) the top and bottom surface. Efforts have been made 
to keep both the cases separate as to adjust for real life conditions. Two different factors 
have been derived for above cases to simplify the model.  This effort will help in 
predicting the bending angle before actual processing starts. However, this model needs 
to be verified against experiments and hence, Chapter 4 and Chapter 5 have been devoted 
to experiments and validation of the proposed mathematical model.  
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Chapter 4  
Laser Bending Experiment Setup 
This chapter describes the setup of the laser bending test rig and the experimental 
procedures used for studying performance of laser bending process. In the first section of 
this chapter, the main parts of laser bending test rig are described in detail covering the 
details of instrumentation used in the experimental performance analysis of the laser 
bending of titanium subjected to various test conditions. The following section of this 
chapter describes the test procedures/techniques used for the experimental analysis of the 
process. 
4.1 Details of the Experiment Setup 
Figure 4.1 shows the test setup used for the performance analysis of the laser 
bending process. The test setup is made up of four main sections,  
(a) Nd:YAG laser system 
(b) Workpiece and CNC system 
(c) Inert gas shielding system 
(d) Instrumentation and data acquisition system  
Nd:YAG laser, which is a product of US Laser Corporation, has a maximum 
output rating of 550 Watts and the wavelength of the output beam is 1064 nm. The laser 
system produces a continuous wave laser beam and the shape of the beam is TEM00. 
Output power of the Nd:YAG laser is regulated by operating the system current knob 
located on the power control unit (Appendix C.1). Power control unit also has switches 
for laser shutter on/off, remote/local beam delivery and coolant level indicators. 
Regulated power is supplied to the laser beam generator shown in Appendix C.2. Laser 
beam generator consists of a Nd:YAG laser rod, Krypton lamp, partial and full reflectors 
enclosed in a gold plated casing. The laser beam generator and electrical circuits are 
cooled with distilled water that is stored within the laser power control unit. Distilled 
water looses heat to tap water in a heat exchanger, also located within the laser power 
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control unit. Beam generated in the laser beam generator is remotely delivered to the 
laser head and workpiece via optical fibre of 800µm core diameter. 
 
Figure 4.1 – Schematic of laser bending test setup  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 – Picture of the laser bending test setup 
Figure 4.2 shows the picture of laser bending test setup, which is constructed for 
the testing of sheet metals subjected to laser processing. The workpiece is clamped in 
cantilever fashion to a CNC table as shown in Figure 4.3. CNC table can move in 
horizontal plane (xy plane) and the motion of the CNC table are controlled by CNC 
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programming. Dimensions of the CNC table are 1600 X 5100 mm and the CNC milling 
system is produced by ANCA, Australia. 
 
 
 
 
 
 
 
Figure 4.3 – Close up of clamping, beam delivery and shielding systems 
The laser beam delivery head (Appendix C.3) is mounted on a vertical milling 
head and can only move in vertical (z) direction. Beam delivery head is protected from 
fumes and smoke by a nitrogen gas shield nozzle. 
The US Laser Corp Nd:YAG is classified as a Class IV laser meaning that the 
exposure to the output laser beam is dangerous and hence the whole setup is enclosed 
within a metal cabin. A CCD camera is installed inside the cabin and the process can be 
monitored on a television. The inside of the cabin is equipped with sensor 
instrumentation, cooling arrangement for the sensors and an auxiliary power supply. 
Fumes produced from laser processing are extracted from the cabin with the help of a 
forced induction system installed at the top. 
 
 
 
 
Laser Head  
 
Argon Nozzle  
Metal Sheet  
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4.2 Selection of Process Parameters 
4.2.1 Sheet Metal Material Selection 
This research focuses on study of laser bending of high strength materials. Choice 
of materials for this research is low carbon steel, stainless steel grade 304 and CP Gr-2 
titanium sheets. Low carbon steel and stainless steel grade 304 sheets were provided by 
RMIT Workshop and CP Gr-2 Ti sheets were bought from Titanium International, 
Coolaroo, Victoria. 
4.2.2 Shielding Gas Selection and Setup 
Common gases used in industry for shielding purposes are argon, helium, 
nitrogen, oxygen and combination of argon+helium. As mentioned in section 2.3.1, 
oxygen and nitrogen react with titanium at temperatures higher than 250°C. Hence, argon 
and helium are chosen to be shielding gases in this research. Argon and helium gases are 
inert in nature and do not react with titanium, even at high temperatures.  
For current research, top and bottom surfaces need shielding and selection of 
gases is critical as excessive cooling effect might adversely affect the temperature 
gradient. For achieving maximum bending angle, temperature at the top surface needs to 
be maintained high while bottom surface temperature should be as low as possible to 
create maximum temperature gradient. Argon has lower thermal conductivity than 
helium, thus is an ideal choice of shielding gas to shield top surface. Density of argon at 
ambient conditions (1.66 kg/m3) is higher than that of air (1.02 kg/m3), which will help it 
spread over the workpiece effectively. 
On the other hand, helium has higher thermal conductivity than argon and is 
lighter than air (He density = 0.1788 kg/m3). Hence, helium is ideal for shielding the 
bottom surface, as helium will flow in upwards direction. Cost of the shield gas is also an 
important selection criterion, helium being more expensive than argon. However, 
according to Wang et al [64], helium has wider effective shielding area as compared to 
argon, hence, lower flow rates will be required to achieve optimum shielding. With lower 
flow rate cost of inert gas shielding can be justified. Properties of argon and helium are 
given in Appendix B. 
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Shielding gas nozzles used for this study are non-coaxial with the laser beam. 
Argon nozzle for top surface shield as shown in Figure 4.4, has an offset of 16 mm from 
the laser beam and the jet coming from the nozzle impinges on the workpiece surface 
obliquely at an angle of β = 30°. The inclination angle is kept low to maximise effective 
shielding area. Standoff distance for all tests is maintained at 7.5 mm. 
 
 
Figure 4.4 – Nomenclature of the top surface shield setup 
Argon nozzle is attached to the laser head, hence, moves with respect to the 
workpiece. Jet is positioned in such a manner that centre of the jet impingement zone 
coincides with the laser beam as shown in Figure 4.4.  
Bottom surface shield with helium gas nozzle has similar nomenclature to that of 
the top surface shield nozzle as shown in Figure 4.5. Nozzle is made up of copper tubes 
bent into rectangular shape for the bottom shield. Flow rate of the helium jet is 
maintained low for initial testing, as primary function of the bottom is shielding the 
workpiece. To enhance the temperature gradient across the thickness, the helium jet gas 
flow rate is then increased to boost the cooling effect.  
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Figure 4.5 - Nomenclature of the top and bottom surface shield setup 
 Helium nozzle is clamped to the CNC table along with the workpiece, hence, 
can be considered stationary with respect to the workpiece. As the laser beam scans the 
workpiece offset distance of the laser beam and the bottom nozzle varies from 100 mm at 
the beginning of the scan to zero at the end of the scan. Standoff distance of bottom 
shield for all tests is 7.5 mm. 
4.3 Instrumentation 
The sensors and instruments used in the current research are discussed in this 
section followed by the measuring techniques. For this research, parameters such as 
surface temperature, bending angle and laser beam dimensions need to be measured. 
Methods used to measure these parameters are discussed as followed. 
4.3.1 Temperature Measurement 
Temperature measurement would provide key data for the validation of 
theoretical results and for estimation of cooling effect of inert gas shields. Temperature 
gradient across the thickness of the material is an important factor that influences the 
bending angle, hence, surface temperatures at the top surface and bottom surface must be 
known. For this analysis, type K thermocouples with the temperature range of -200°C to 
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+1200°C were used to measure the temperature values at different locations on the 
workpiece. The arrangement of thermocouples used for analysis of inert gas shield 
cooling effect is show in Figure 4.6. 
 
      Figure 4.6 - Thermocouple arrangement for cooling effect analysis 
 Point at which laser beam is irradiated will have maximum surface temperature 
on the workpiece and this value of surface temperature should be used for the analysis. 
However, it is not practical to measure surface temperature at the laser beam spot on 
workpiece surface because the thermocouple will absorb incident laser radiation and may 
provide inaccurate reading for the surface temperature. For this reason, thermocouples 
were attached at a distance of 30 mm from the laser scan path. As mentioned in Chapter 
2, as laser begins to scan the workpiece, heat is conducted in the direction of the motion. 
At the end of the scan there is no material left to conduct the heat in scan direction, 
hence, the heat is conducted along the length showing wider HAZ [Figure 2.15].  
 
Figure 2.15 – Typical HAZ in laser bending process 
Wider HAZ also indicates higher temperature at the end of the scan. Hence to 
record variation in temperature throughout the scan length, three thermocouples are 
placed. To estimate the exact variation of temperature along the width, thermocouples 
were attached as shown in Figure 4.7. 
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Figure 4.7 – Thermocouple arrangement along the width 
 The distance between each thermocouple was 20 mm. The thermocouples were 
attached to the Data Taker 800 for converting analogue signals into digital format, 
readable to the computer. The circuit diagram for connecting the thermocouples to the 
Data Taker is shown in Figure 4.8. 
 
Figure 4.8 – Thermocouple circuit diagram. Image courtesy: www.datataker.com 
The Data Taker has RS232 output port that sends digital data to a computer. The 
data from the Data Taker is interpreted via Data logger software. According to the 
working principle of thermocouples, as the temperature of the junction shown in Figure 
4.8 will vary, circuit voltage will vary. The output voltage is in the range of mili volts 
(mV). The Data logger is calibrated for type K thermocouples and upon selection of the 
thermocouple type; the data is plotted in degree Celsius (°C) with no need for manual 
conversion from mV to °C. Figure 4.9 shows results obtained for real-time temperature 
distribution with respect to time.  
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Figure 4.9 – Temperature distribution along width. 
 According to the theory shown in Figure 2.15, peak surface temperature is 
lowest at the beginning of the scan. As the laser beam approaches towards the end of the 
scan peak surface temperature increases in the direction of scan. This analysis is used to 
determine the location maximum temperature gradient on the workpiece for further 
analysis of the cooling effect and maximum bending angle measurements.  
4.3.2 Bending Angle Measurement 
Experimental values of bending angle need to be measured at different process 
conditions to validate the theoretical analysis derived in Chapter 3. Bending angle is 
measured at the maximum temperature gradient point located with the help of 
temperature distribution analysis discussed in previous section. Values of bending angle 
are too small to be measured with common angle measuring instruments. To get accurate 
readings, laser displacement measuring machine (LDMM) as shown in Figure 4.10 is 
used. 
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Figure 4.10 – Picture of Laser displacement measuring machine 
LDMM measures displacement b as shown in Figure 4.11 and final bending angle 
is calculated by using trigonometric functions. 
 
Figure 4.11 – Working principle of bending angle measurement with LDMM 
 LDMM can record displacements up to 1 micron. For accurate measurements 
following measures are recommended, 
1. Accuracy of the measurement depends on the laser spot size and it is varied 
by moving the laser head vertically. For accurate readings, distance between 
laser head and workpiece should be maintained between 15 to 20 cm. 
2. LDMM works on absorption and reflection of laser beam, hence, care 
should be taken to keep laser beam perpendicular to the workpiece surface 
to minimize scattering of the laser beam.  
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3. LDMM is sensitive to vibrations; hence, laser measuring head assembly 
should be free of vibrations. 
LDMM readings are crosschecked with venier calliper at regular intervals to 
ensure accuracy. 
4.4 Test Procedures 
4.4.1 Initial Testing 
Tests were conducted for various process conditions by varying process 
parameters such as; laser power, scan speed, beam diameter, number of scans, shielding 
gas flow rate and type of coatings. Laser input power was calibrated using Coherent 
FieldMate laser power meters. The laser beam is irradiated on the thermopile sensor and 
the heat absorbed by the sensor is carried away by tap water cooling. The sensor is 
connected to the FieldMate meter that calculates the laser power incident on the surface 
by measuring difference between inlet and outlet temperatures of the coolant. The LCD 
display of the meter gives the reading of incident laser power in Watts. The FieldMate 
power meter is also capable of detecting the wavelength of the incident laser beam. Data 
for laser output power is recorded for each amperage setting on the laser power control 
unit. Thus, laser power incident on the workpiece is varied by regulating the amperage on 
the laser power control unit. 
Variables such as scan speed, beam diameter and number of scans are varied by 
programming desired values into the CNC controller. Beam diameter is varied by 
changing distance between workpiece and laser head.  
Shielding gas flow rate is varied by controlling the flow regulator installed on the 
argon and helium bottles.   
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4.4.2 Application of Coatings 
After the initial experiments on oxidation of the workpiece for given set of 
process parameters, next step involved coating the workpieces with absorptive coatings. 
Graphite and thermal paints were chosen for the experiments. Cleanliness of the 
workpiece is critical before processing titanium at elevated temperatures. Workpieces 
contaminated with dust, dirt and fingerprints are vulnerable to oxidation. Hence, the 
workpieces were cleaned with industrial grade turpentine to remove oil, dust and dirt 
from the surface. The workpieces were handled by wearing Latex gloves to avoid 
fingerprints on the workpiece. Later, Graphite grade-33, in powder form, was dissolved 
in the industrial grade turpentine and then was sprayed on the workpiece until thick 
uniform coating was formed. The turpentine was allowed to evaporate. Dry workpieces 
were then recoated by repeating the procedure to ensure uniform thickness of coating 
over the workpiece. Figure 4.12 (a) and (b) show as received CP Gr-2 titanium sheet and 
workpiece after coating respectively. 
 
          (a)             (b) 
Figure 4.12 – (a) as received CP Gr-2 titanium sheet metal and (b) workpiece coated 
with Graphite -33 
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 Reduction in reflection of light after coating the workpiece with graphite can be 
visually observed from Figure 4.12. Performance of the coating is experimentally 
determined by scanning the workpiece with laser beam multiple times. Effect of coating 
on bending angle is discussed in Chapter 5.  
 Thermal black paint was another type of coating studied in this research. The 
thermal paint used in this research is oil based black paint. To avoid reflection of the laser 
radiation off the painted surface, matt finish paint was selected. The paint can be used 
below 500°C as recommended by its manufacturer. The paint is available aerosol 
containers. The cleaning procedure was repeated for the workpieces before painting to 
ensure effective adhesion of the paint. The paint then was sprayed on the workpiece until 
thick and uniform coating was formed. The paint was allowed to dry and the workpiece 
was cured by heating with the laser beam prior to actual testing. Performance of the 
coating was determined experimentally by scanning the workpiece with laser beam 
similar to the analysis of graphite coating.  
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Chapter 5  
Discussion and Validation of the Laser 
Bending Theoretical Analysis 
The objective of the experimental analysis is to validate and compare results 
obtained from theoretical investigation. This chapter will discuss the performance of laser 
bending process subjected to inert gas shielding based on the experimental data collected 
for different test settings during this research. The following sections will discuss the 
effect of shielding parameters on a) bending angle and b) surface appearance and 
properties such as surface hardness, section thickness, etc. 
5.1  Comparison of Theoretical Bending Angle Analysis with 
Experimental Results 
This section discusses validity of theoretical model derived in Chapter 3 by 
comparing the estimated results with experimental investigation. In this section, results 
for different gas configurations are evaluated to suit various process conditions.  
5.1.1 Laser Bending in Air 
Figure 5.1 shows the comparison between the estimated bending angle through 
theoretical investigation in Chapter 3 and experimental results obtained for laser bending 
of titanium sheets in air. Procedure used to conduct experiments is discussed in Chapter 
4. During experiments, each scan was performed with 20 seconds of halt period before 
the start of next scan to allow the sheet to cool off.   
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Figure 5.1 Comparison of theoretically estimated bending angle with experiment 
results for laser bending in Air. Laser power used = 250 W, scan speed = 3 mm/sec, 
beam radius = 1.125 mm, Titanium sheet dimensions = 100 X 100 X 1.2 mm 
 It can be seen from Figure 5.1 that the trend of theoretically estimated bending 
angle is in good agreement with the experimental results. Ideally, the theoretically 
estimated and experimental rate of increase in bending angle should be equal. However, 
in reality that is not the case. Surface temperature is assumed to vary linearly with power 
input while calculating the bending angle theoretically, hence, estimated bending angle 
calculated from equation 3.33, increases linearly as number of scans is increased. The 
final bending angle over multiple scans can be expressed theoretically as, 
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 where, n is number of scans.  
As any form of forced cooling is not present while processing in Air, change 
factor Fc is assumed unity. 
For theoretical modelling, the absorption coefficient of titanium is assumed to be 
constant. However, in reality the absorption coefficient varies with a change in the 
temperature and optical properties of the irradiated surface. Due to high temperatures 
achieved in the process (approx 600˚C at 250 W of laser power for given parameters) and 
absence of surface shields, oxidation can be observed from the first scan. Effect of 
oxidation on the bending angle can be observed in Figure 5.1. Experimental value of the 
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bending angle varies non-linearly over the number of scans. As the sheet is scanned 
multiple times, the rate of increase in bending angle becomes higher as a result of 
discoloration of the surface due to oxidation. It is suspected that the allowance of 20 
seconds between each scan also plays a role in non-linear increase in experimental 
bending angle over the number of scans, as period of 20 seconds is not sufficient to cool 
the sheet to room temperature through natural convection. This increases surface 
temperature of the workpiece further for each scan, subsequently improving the 
absorption of the laser beam. This results in increased bending angle.  
5.1.2 Laser Bending Subjected to Top Surface Inert Gas Shielding 
As discussed in previous sections, for many processes involving high input heat 
flux such as welding and heat treatment, a primary shielding is provided to avoid 
oxidation of the top surface. For this research, an impinging jet shield of argon gas is 
considered, which along with shielding the surface, also results in cooling of the 
workpiece. The purpose of this experiment is to estimate the optimum shielding 
performance of the top surface shield for laser bending process. Effect of shielding top 
surface on bending angle over multiple scans is evaluated in Figure 5.2.  
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Figure 5.2 Comparison of theoretically estimated bending angle with experiment 
results for laser bending with top surface shielding with Argon nozzle. Laser power used 
= 250 W, scan speed = 3 mm/sec, beam radius = 1.125 mm, Titanium sheet dimensions = 
100 X 100 X 1.2 mm 
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 Gas properties, substrate properties and process parameters, used in this 
investigation are mentioned in Appendix A and Appendix B. 
For the top surface shielding, similar to bending angle in Figure 5.2, theoretically 
estimated bending angle increases linearly over number of scans, reason being 
assumption that surface temperature increases linearly with input power. Value of 
theoretically estimated bending angle is less than experimental results unlike laser 
bending in Air.  This is because the effect of nozzle inclination is not considered while 
deriving theoretical model. It is found from previous research [75-76] that, as inclination 
angle β [refer to Figure 3.6] is reduced; the average heat transfer coefficient also reduces 
resulting in less convective heat transfer. Despite assumptions made in the analysis, trend 
of the experimental bending angle is in good agreement with the proposed theoretical 
model.  
Similar to laser bending in air in Figure 5.1, ideally, the value of bending angle 
should increase linearly over multiple scans; however, the non-linearity of the plot can be 
attributed to the change in absorption coefficient caused due to the low shielding 
efficiency. In jet shielding, the shielding efficiency (effectiveness of shielding) can be 
improved by increasing the gas flow rate.  
On the other hand, increased gas flow rate will result in increased Reynold’s 
number. From equations 3.19a, 3.19b and 3.20, it is evident that increased Reynolds 
number will increase the cooling effect and hence reduce the bending angle. Furthermore, 
due to higher cooling rates surface hardness will also increase [17] as the Titanium will 
get quench hardened due to heating and immediate cooling with inert gases. Figure 5.3 
shows the variation in surface hardness and bending angle with respect to the change in 
the gas flow rate.  
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Figure 5.3 - Variation in surface hardness (Rockwell B scale) and bending angle with 
gas flow rate. CP Gr-2 Titanium 100 X 100 X 1.2 mm, Laser power = 250 W, scan speed 
= 3mm/sec, laser beam radius = 1.125mm 
Surface hardness increases with the gas flow rate as cooling takes place at a faster 
rate. A maximum hardness of 66.8 HRB is recorded at 30 lpm flow rate. Although the 
hardness increases with gas flow rate, it is interesting to note that even at 30 lpm, the 
value of surface hardness is much lower than of a freely oxidised surface (approximately 
74 HRB).   
Bending angle on the other hand decreases with increase in flow rate as the 
temperature gradient across thickness is reduced. Value of bending angle reduces sharply 
from flow rate of 15 to 20 lpm, then reduces further slightly at 25 lpm and then increases 
by a small amount at 30 lpm. This phenomenon can be solely attributed to decrease in 
surface oxidation at higher gas flow rates. In order to achieve more effective shielding 
from oxygen contamination for top surface in current set up, use of a secondary shield as 
shown in Figure 2.25 is proposed.  
This discussion builds a picture about performance of top surface shield that can 
be used for predicting and deciding shielding parameters and their effect on laser bending 
process.  
 
 
 
 65 
5.1.3 Laser Bending Subjected to Top/Bottom Surface Inert Gas 
Shielding 
Titanium sheets used in this research are 1.2 mm thick and at high energy 
densities used for laser heating processes (≈ 75 J/mm2); temperature across thickness is 
well above the oxidation temperature. Hence, along with top surface, usually the bottom 
surface is also shielded with a secondary shield. In this section, effect of top and bottom 
shielding on bending angle is discussed. 
 Figure 5.4 shows variation in theoretically estimated and experiment results for 
bending angle over number of scans for argon as a top surface shield gas and helium as 
bottom surface shield gas. 
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Figure 5.4 - Comparison of theoretically estimated bending angle with 
experiment results for laser bending with top and bottom surface shielding with Argon 
and Helium nozzles respectively. Laser power used = 250 W, scan speed = 3 mm/sec, 
beam radius = 1.125 mm, Titanium sheet dimensions = 100 X 100 X 1.2 mm 
 Theoretical value of the bending angle varies linearly because of the 
assumptions made about linear variation in surface temperature with laser input power. 
Bending angle measured in the experimental analysis varies linearly up to scan number 3. 
For scan number 4 and 5, bending angle increases abruptly. Abrupt increase in 
experimental bending angle is due to oxidation of the surface as the number of scans 
progress. Oxidation causes the surface color to change from silver to dark blue. This 
discoloration causes the surface to act as a near black body resulting in improved 
absorption of the laser beam. The surface temperature, as a result, will increase and  so 
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will the temperature gradient and finally the bending angle. Furthermore, difference 
between predicted value of bending angle and experiment results is wider as compared to 
in Air processing and Argon top surface shield processing as seen in Figure 5.1 and 
Figure 5.2. This difference is a result of the assumption made for simplicity in modelling, 
that top surface and bottom surface shields move along with the laser beam. However, in 
practice to avoid complex design, bottom surface shields (secondary shields) are kept 
stationary with respect to the workpiece and only top surface shields move along with the 
heat source. This is because the temperature at the bottom surface of the sheet will always 
be lower than at the top surface. Thus, the assumption made in theoretical investigation 
does not hold ground for actual experiments carried out. To consider stationary bottom 
shield in theoretical model, following modification is proposed.  
According to equations 3.16, Nusselt number Nu is a function of R, which is the 
radial distance of the concerned point from the center of the nozzle.  
   [ ]yuxfR ),(=  
22)( yuxR +=∴  
where, x(u) is the distance in x-axis direction at specific time calculated at 
velocity u, y is the distance of the concerned point in y-axis direction as seen in Figure 
5.5 (a) and (b). 
 
                    (a)                                  (b) 
Figure 5.5 – (a) Configuration of top and bottom surface shield nozzles used in the model 
and (b) Graphical representation of radial distance R relative to projected laser beam. 
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Hence, with reference to Figure 5.5(a) and (b), if value of R is increased i.e. if the 
nozzle is moved away from laser beam, the cooling effect will reduce and surface 
temperature will be higher at larger R values. The surface that is nearest to the maximum 
heat transfer region (stagnation point) of the bottom nozzle will have maximum 
temperature gradient. This variable temperature gradient across the length of the sheet 
will bend the sheet about x-axis as shown in Figure 5.6. 
 
Figure 5.6 - Bending along the width direction (y-axis) due to fixed bottom shield.  
  This bending angle θ at different R-values can be calculated by using 
equation 3.16. Predicted bending along the width is shown in Figure 5.7. 
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Figure 5.7 – Bend angle ‘θ’ along the length of the workpiece. 
Figure 5.7 shows that the bending angle along the width increases in the direction 
of the stationary bottom shield and maximum bending angle corresponds to maximum 
temperature gradient.  
5.2 Comparison of Shielding Performance for Top Surface 
Shield and Top/Bottom Surface Shields 
 Figure 5.8 shows comparison of the shielding methods used in this research. It is 
observed that, bending angle achieved with top surface shield is larger than when 
processed in Air. Although, the top surface shield cools the surface and reduces the 
temperature gradient, it also reduces surface oxidation significantly. Reduction in 
oxidation means less oxygen being diffused in to the surface and surface cracks. Oxide 
layer is usually a hard and brittle layer and can cause increase in surface hardness. For 
laser bending, decrease in oxidation will result in retention of material’s ductility. Hence, 
larger bending can be observed as compared to bending in Air for similar set of process 
parameters as the material remains ductile for longer period.  
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Figure 5.8 – Comparison of top surface shield and top and bottom surface shield 
with processing in Air. Process parameters: Laser power used = 250 W, scan speed = 3 
mm/sec, beam radius = 1.125 mm, Titanium sheet dimensions = 100 X 100 X 1.2 mm 
Top and bottom shield configuration shows most increase in bending angle due to 
increased temperature gradient. This temperature gradient is further enhanced by choice 
of Helium as a bottom surface shield gas and Argon as a top surface shield gas. Figure 
5.9 shows surface oxidation when processed in (a) Air, (b) top surface shield and (c) 
top/bottom surface shields.  
 
 
 
 
 
 
Figure 5.9 – Effect of shielding configuration on surface oxidation after 5 scans for 
processing in (a) Air, (b) Argon as top surface shield gas and (c) Argon top and Helium 
as bottom surface shield gases.  
It can be observed, that HAZ (Heat Affected Zone) in Figure 5.9 (a) is much 
wider than Figure 5.9 (b) and (c). While processing in Air i.e. in absence of any forced 
(a) 
(b) 
(c) 
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cooling, heat absorbed by the surface is conducted along y-axis direction, resulting in 
wider HAZ (Heat Affected Zone). Wider HAZ is characterised graphically by spread of 
oxide layers formed alongside the laser scan path. As discussed in Section 3.1.2, from 
equation 3.11 (a), 3.11 (b) it can be said that laser scan path where laser heat flux is 
absorbed by the surface, has maximum surface temperature. This region can be visually 
characterised by silver-white powdery oxide layer along the laser scan path in Figure 5.9 
(a). As the heat is conducted along the along y-axis, oxide layers become thinner 
characterised by change in colour from navy blue to straw. 
Figure 5.9 (b) represents HAZ of laser bent Ti sheet with Argon gas as top surface 
shield. From visual inspection, it can be seen that for shielded workpiece, oxygen 
absorption (or pick up) is less as opposed to processing in Air. This happens because 
workpiece surface is covered (or shielded) with inert gas coming out from shields. Hence, 
contact between oxygen and the heated surface is avoided. Furthermore, as compared to 
processing in Air, HAZ for Argon shielded workpiece is much smaller. This is because 
forced convective heat transfer from shield nozzle carries the heat absorbed by the 
surface away. Smaller HAZ means less heat is conducted along the length and hence, 
lesser oxidation 
Figure 5.9 (c) is HAZ representation of Ti sheet processed in presence of top and 
bottom surface shields. Convective heat transfer in this case is more as compared to only 
top surface shielding because two shields are used to cover top and bottom surfaces. This 
is characterised by much smaller HAZ and lesser oxidation [Figure 5.9 (c)] in comparison 
with Figure 5.9 (a) and (b).  
The bottom surface shield nozzle is stationary at right hand side of Figure 5.9 (c). 
As a result, the surface near the nozzle jet is cooled more effectively as compared to the 
surface away from the jet. Hence, the HAZ gets smaller as laser scans the sheet from left 
to right direction due to more convective transfer closer to the nozzle [Figure 5.6]. This 
effect is evident in Figure 5.9. The HAZ at the right hand side of the figure gets smaller 
from Figure 5.9 (a) to Figure 5.9 (b) and the HAZ is smallest for Figure 5.9 (c) where 
both the surfaces (top and bottom) are cooled with inert gas shields 
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5.3 Time Study 
Efficiency of the laser bending process can also be expressed in terms of time 
consumed to achieve desired bending angle. It has been observed in previous section that 
top and bottom shields (a) increase bending angle for given input parameters and (b) 
reduce oxidation resulting in improved surface characteristics. The following analysis, 
shown in Figure 5.10, was performed to compare time required for workpiece to cool to 
room temperature after four scans. The valleys in curves for natural and forced cooling 
represent finish of one scan hence there are four peaks and four valleys representing four 
laser scans. 
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Figure 5.10 –Time requirement comparison for natural cooling and forced cooling of 
workpiece with inert gas shields at flow rate of 35LPM 
 It can be observed from Figure 5.10 that time required to achieve desired 
bending angle over four passes and to cool off to room temperature for natural cooling in 
air is more than 400 seconds to cool off to room temperature. Room temperature reached 
in approximately 225 seconds for shielded workpiece.  
This shows that along with increasing the bending angle and improvement in bend 
quality, inert gas shielding also reduces the time required to finish the laser bending 
process for given set of parameters.  
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5.4 Effect of Coatings on Bending Angle  
Amount of laser radiation absorbed into a material depends on absorption co-
efficient of that material and it can vary due to parameters such as temperature of the 
workpiece and surface roughness. CP Grade-2 Titanium used in this research is a highly 
reflective material and can only absorb around 44% of incident laser energy (Nd:YAG 
laser 1064 nm) [77]. Low laser energy absorption rates combined with low thermal 
conductivity makes titanium respond sluggishly to laser treatment as compared to other 
common high strength materials as seen in Figure 5.11. 
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Figure 5.11 – Comparison of common materials with Titanium subjected to laser forming 
(Bending angle is in degrees) 
Depending on substrate, absorption can be improved by 60% to 80% by 
application of coatings [49]. Hence, to improve absorption of the laser beam into titanium 
workpieces, graphite and thermal paint coatings were tested. With application of 
coatings, laser beam incident on the surface is efficiently absorbed by the surface. More 
is the heat absorbed; more will be the surface temperature. This causes the temperature 
gradient to increase and as a result, bending angle increases.  
 Figure 5.12 shows effect of coatings on bending angle in a multi-scan system. 
Graphite and thermal paint coatings are compared with uncoated workpieces over five 
laser scans.  
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Figure 5.12 – Effect of coatings on bending angle. Process parameters: Laser 
power used = 250 W, scan speed = 3 mm/sec, beam radius = 1.125 mm, Titanium sheet 
dimensions = 100 X 100 X 1.2 mm 
For thermal paint, a high initial increase in absorption was observed, however, 
as surface temperature of workpiece reached more than 500ºC, paint burnt off at the first 
scan and a white layer of burnt chemicals was formed on the surface. This reduced 
absorption of laser beam. Bending angle per pass, as a result, degraded after first scan. 
Hence, thermal paint is not ideal coating for the multi-pass system and would be more 
suitable for single scan processes such as laser cutting or laser marking operations.  
For graphite-coated workpieces, a significant increase was observed in the 
bending angle at first scan and angle continued to increase after five passes without 
degradation in rate of bending, showing that the coating is effective for al five passes.  
Possibility of shock ablation of graphite coating is minimized with Continuous Wave 
processing.  
To summarize what has been covered in this chapter, experimental methods have been 
proposed and the experiment results have been used to validate the theory proposed in the 
previous chapters. Comparison of data in this chapter showed that, the proposed 
theoretical model is in agreement with the experimental results. This showed that the 
proposed model can be effectively used to predict the value of the bending angle 
theoretically and can be related to real life situations. Furthermore, effect of different 
coatings on the bending angle have been discussed. It showed that, graphite coating is the 
best suited coating for a multi-scan laser bending operation.   
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Chapter 6  
Conclusions and Future work 
6.1 Conclusions  
The bending of titanium sheet metal with the Nd:YAG laser bending process is 
studied theoretically and experimentally in this thesis. The advantages of the laser 
bending process over conventional processes include elimination of the need for complex 
die design, repeatability of the process and ability to form complex shapes. In addition, a 
fine control over the oxidation due to the localised laser beam heating can be achieved in 
laser bending. In this thesis, the effect of process parameters on the bending angle is 
studied in depth and a theoretical model has been developed that can predict the effect of 
process parameters on the bending angle. This model could also be used to predict the 
distortions caused due to the non-uniform heating in other high temperature processes 
such as laser welding, laser cladding and laser heat treatment. This will help in reducing 
the amount of titanium components rejected in the industry due to the unwanted 
distortions.  
The theoretical analysis shows that the workpiece surface temperature increases 
linearly with an increase in the laser input power. The value of temperature gradient 
across the workpiece thickness changes with the change in surface temperature. Hence, 
the theoretical model developed identifies the surface temperature as an important 
controlling factor for the bending angle. Thus, for enhancement of the bending angle, 
different arrangements of shielding nozzles were proposed based on the theoretically 
estimated values of surface temperature. It is evident from the theoretical analysis that, 
when the top surface shield is used, the temperature gradient across the thickness is 
reduced due to simultaneous heating and forced cooling. Hence, the theoretical bending 
angle estimate for the top surface shield configuration is lower than that of processing in 
the air (i.e. in absence of surface shields).  
Experimental results demonstrate that with the use of top surface shield, the value 
of surface hardness decreases due to reduction in oxidation, thus, significantly increasing 
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the bending angle. Hence, contrary to the theoretical prediction, the experimental value of 
bending angle is more than that of processing in the air.    
Rockwell hardness test indicates that apart from reducing the oxidation, the use of 
top surface shield also increases the surface hardness. Hence, the cooling effect of the 
shield was studied to evaluate the increase in the surface hardness. This analysis 
demonstrates that the surface hardness increases with the gas flow rate of the shield jet. 
However, even at an excessive gas flow rate, the surface hardness is significantly low 
compared to the hardness value than that of the oxidised workpiece. This shows that the 
top surface shield limits the excessive increase in surface hardness by effectively 
avoiding the oxygen pickup. Furthermore, the effect of an increase in surface hardness on 
the bending angle was studied, which provides a clear image for selection of an optimum 
gas flow rate for the laser bending process.  
With the reduced temperature gradient in use of top surface shield, another 
shielding configuration was studied to further increase the bending angle. This 
configuration uses separate shields to cover the top and bottom surfaces. Theoretical 
analysis of the of top/bottom surface shield suggests that the temperature gradient can be 
effectively increased as compared to the use of only top surface shield. The theoretical 
analysis was validated against experimental results. Comparison of theoretically 
estimated and experimental bending angle demonstrates that the difference between 
estimated and measured values of bending angle increases as the number of scans was 
increased. This increase in the difference of bending angle was attributed to the 
blackening of the surface caused by excess oxidation of the workpiece surface. The 
blackening improves the absorption of the laser beam into the workpiece surface, causing 
it to heat up abruptly. This increase in surface temperature causes the temperature 
gradient across the thickness to increase and as a result the bending angle increases 
abruptly after blackening is observed.  
Additionally, as the top surface shield is moving with the laser and the bottom 
surface shield is stationary with respect to the workpiece, the sheet was also bent in the 
direction along the y-axis. This effect can be minimised by moving the bottom surface 
shield with the laser beam subject to the economical feasibility of the arrangement.  
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Comparison of the proposed shielding methods shows that the value of the 
bending angle is maximum when the top/bottom shield configuration is used. Visual 
inspection of the workpieces shows that the top/bottom shield is also the most effective 
shielding configuration for avoiding the oxidation. It was found in the ‘process efficiency 
study’ that, shielding the workpiece with inert gas jets does not only reduce the oxidation 
but also halved the processing time required for the laser bending process.  Hence, the 
top/bottom shielding configuration is recommended for bending thin sheets by the laser 
bending process. 
Finally, use of coatings for improved absorptivity was studied for its suitability in 
the laser bending process. Thermal black paint and graphite coatings were applied to the 
workpieces and their effect on bending angle was studied. The study of coatings shows 
that, the thermal paint coating improves the absorption of the beam for the first laser 
scan, however, as scans progress the paint burns off and the reflective nature of the burnt 
paint results in degradation of the bending angle. Therefore, use of thermal paint coating 
is not recommended for the multi-scan laser bending process. The thermal paint coating 
is more suitable for the laser cutting process, which usually involves only a single laser 
scan. On the other hand, the graphite coating shows maximum increase in the bending 
angle and the coating does not degrade after five scans. Hence, use of graphite coating is 
recommended for the multi-scan laser bending processes involving up to five scans.  
As the advantages and limitations of titanium sheet metal bending by the 
Nd:YAG laser were understood clearly in this research, the author strongly believes that 
the analysis in this thesis can be applied to enhance the use of titanium sheet metal in 
aerospace and biomedical-implant fabrication industries in Australia and around the 
world. 
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6.2 Future Work 
The shielding methods that are studied for their effectiveness can be further 
enhanced to eliminate formation of oxide layers. For future work, co-axial shielding, 
which is common in welding process, needs to be studied for its effect on laser bending 
process.  
Study of material microstructure will give a clearer picture of how inert gas 
shielding affects the material properties, and hence is proposed for the future work.  
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Appendix A    Material Properties and Process Parameters 
A.1 Sheet metal mechanical properties 
Properties CP Grade-2 Titanium 
Yield strength (MPa) 114 
Young’s modulus 
(GPa) 116 
Hardness (as 
relieved) HRB 72 
 
A.2 Sheet metal physical and thermal properties 
 
Properties CP Grade-2 Titanium 
Density (Kg/m3) 4507 
Specific heat 
capacity  523 
Thermal 
conductivity 
(W/mK) 
12.1 
Coefficient of 
expansion (linear) 0.0000085 
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Appendix B    Shielding Gas Parameters   
B.1 Physical properties 
 
Property Argon Helium 
Density (kg/m3) 1.66 0.1788 
Kinematic Viscosity 
(m2/sec) 
1.2650 X 10-5 1.062 X 10-4 
Thermal Conductivity 
(W/mK) 
0.0162 0.14758 
Specific heat capacity 
(J/kgK) 
519 5.193 X 103 
Table B -1 Typical physical properties of Argon and helium 
B.2 Process parameters 
Property Argon Helium 
Hydraulic diameter (m) 4.76 X 10-3 4.7 X 10-3 
Nozzle-sheet spacing (m) 0.0075 0.0075 
Radial distance from nozzle 
centre = (x2 + y2)1/2 in (m) 
0.016 0.01 
Gas velocity at nozzle outlet 
(m/s) 
13.85 28.8193 
Outlet temperature (°C) 20 20 
Table B -2  Process parameters used in experiments 
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Appendix C    Setup Details 
Following are the pictures of setup components 
 
C.1 Laser power control unit 
 
 
C.2 Laser beam generator box 
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C.3 Laser head assembly 
 
 
C.4 Sheet bent using Laser Bending process 
 
 
 
